Quantifying the in vivo interfacial biochemical bond strength of bone implants is a biological challenge. We have developed a new and novel in vivo method to identify an interfacial biochemical bond in bone implants and to measure its bonding strength. This method, named biochemical bond measurement (BBM), involves a combination of the implant devices to measure true interfacial bond strength and surface property controls, and thus enables the contributions of mechanical interlocking and biochemical bonding to be distinguished from the measured strength values. We applied the BBM method to a rabbit model, and observed great differences in bone integration between the oxygen (control group) and magnesium (test group) plasma immersion ion-implanted titanium implants (0.046 versus 0.086 MPa, nZ10, pZ0.005). The biochemical bond in the test implants resulted in superior interfacial behaviour of the implants to bone: (i) close contact to approximately 2 mm thin amorphous interfacial tissue, (ii) pronounced mineralization of the interfacial tissue, (iii) rapid bone healing in contact, and (iv) strong integration to bone. The BBM method can be applied to in vivo experimental models not only to validate the presence of a biochemical bond at the bone-implant interface but also to measure the relative quantity of biochemical bond strength. The present study may provide new avenues for better understanding the role of a biochemical bond involved in the integration of bone implants.
INTRODUCTION
Our understanding of the contribution of biochemical bonds to successful bone-implant integration is very limited. Therefore, developing an in vivo method to identify an interfacial biochemical bond and to quantify its bonding strength is an outstanding challenge to bone implant science. Pioneering studies reported a direct chemical bonding of ceramic implants to bone (Hench & Paschall 1973; Clark et al. 1976) . The possibility of biochemical bonding has been suggested for commercially pure (c.p.) titanium (Albrektsson et al. 1981) , titanium alloy (Takatsuka et al. 1995) , surface chemistrymodified c.p. titanium (Skripitz & Aspenberg 1998) and hydroxyapatite-coated implants (Edwards et al. 1997) . Our recent series of investigations on anionincorporated (sulphur or phosphorus) and cationincorporated (calcium or magnesium) titanium implants indirectly verified biochemical bonds in animal models (Sul 2003; Sul et al. 2004 Sul et al. , 2005 Sul et al. , 2006 Sul et al. , 2008 .
Many existing methods for evaluating biochemical bonds are qualitative, including electron microscopic observations, bond failure analysis and ion exchange across the bone-implant interface. Quantitative methods such as removal torque tests, push-out tests and 'detachment' tests of implants (screws, cylinders and plates) inserted through the bone cortex are involved in the complexity of interfacial stress distributions (Dhert et al. 1992; Brånemark et al. 1998; Brodie et al. 2000) , which leads to difficulties in determining the actual bond strength of the boneimplant interface.
Thus, as an alternative approach, tensile pull-off tests using a disc type of implant have emerged as a better method to characterize interfacial bond strength by minimizing shear and friction forces that occur during measurement (Steinemann et al. 1986; Takatsuka et al. 1995; Edwards et al. 1997; Skripitz & Aspenberg 1998; Rønold & Ellingsen 2002) . However, the biochemical bonding strength remains essentially unexplored. Major problems with previous methods include the way of stabilizing the functional disc implants in bone and the lack of control of implant surface (IS) properties.
Hence, our aim has been to develop a novel method, named biochemical bond measurement (BBM), to verify interfacial biochemical bonds and to quantify the bonding strength in comparison between the control and test implants. For this purpose, our strategy comprised two major steps. First, we invented devices for pull-off force measurements, called true bond strength (TBS) implants. The present implant devices are new, but have been developed from our 1999 pilot study (Sul 2002) . In essence, the device was designed to avoid undesirable friction and shear forces, and thus enable the measurement of the true interfacial bond strength between implant and bone. On the basis of previous findings (Clark et al. 1976; Sul et al. 2005 ) that interfacial bond failure of the bioactive implants occurs, at least in part, in bone, we defined the extent of true interfacial bonding strength in this study as equivalent to or greater than the bonding strength measured by the TBS implant system. Second, we controlled the similarities and differences in surface properties between the oxygen (control group) and magnesium (test group) plasma source ion-implanted titanium implants, thereby distinguishing the contributions of the biochemical bond strength from the pull-off force measurements. The reason for selecting magnesium titanate surface chemistry for evaluating biochemical bonds is based on our previous findings that electrochemically magnesium-incorporated titanium screw implants resulted in very fast and strong bone integration (Sul et al. 2005 (Sul et al. , 2006 (Sul et al. , 2008 . To the best of our knowledge, the present study is the first report of an in vivo method for determining the relative quantity of biochemical bonding strength of bone implants.
MATERIALS AND METHODS

Fabrication of the TBS device
To measure true interfacial bond strength, we first fabricated the TBS implant device, consisting of a functional disc implant, the housing for seating the disc implant, a cover screw and two fixation screws (figure 1; see figure 1 in the electronic supplementary material). All components were custom-made of c.p. titanium (ASTM grade 2) by machine manufacturing. To obtain high-precision quality tissue leak-tight bevel fittings, we performed an additional mill finish on the bevel parts of the disc implant and housing. When assembled, the disc implant was press-fitted into the bevel seat of the housing, preventing tissue ingrowth (soft tissue and bone). Only the functional flat surface of the disc implant should indirectly make contact with the bone. For detailed descriptions of the TBS device, see the electronic supplementary material.
Surface property design of the functional disc implant
To validate the biochemical bonding effect in bone, we have chosen titanium oxide and magnesium titanate surface chemistry, previously demonstrated to have different bone bonding behaviour (Sul et al. 2005 (Sul et al. , 2006 (Sul et al. , 2008 . The disc implant was machined, turned and additionally mill-finished for further smoothening of the functional surface. The oxygen-implanted control group (OPIII ) and the magnesium-implanted test group (MgPIII ) were prepared by plasma immersion ion implantation and deposition (PIII&D; Wood et al. 2000) . PIII&D was performed using a metal vapour vacuum arc at a pulse length of 0.3 ms with 3 Hz frequency, an acceleration voltage of 20 kV and an ion dose of 5!10 16 ions cm K2 . The chemical composition of the implants was measured by X-ray photoelectron spectroscopy (XPS; ESCALAB 250, VG Scientific Ltd) using monochromatic Al Ka X-ray source (1486.7 eV, 300 W; the beam size, 400 mm in diameter). The electron take-off angle was fixed at 458 and the vacuum pressure was below 10 K9 Torr during spectral data acquisition with a binding energy resolution of 0.1 eV. The compositions of the target elements of Ti, O and Mg atoms were extracted from the Ti 2p3/2 peak (458.8 eV ), O 1s peak (530.1 eV ) and Mg 1s peak (1305.2 eV ) core-level energy regions of the electron orbitals, respectively, using the binding energy of carbon (C 1s: 284.8 eV ) as a reference. The surface texture was examined by scanning electron microscopy (LV-SEM; JSM-6380LV, JEOL). The surface roughness was measured using atomic force microscopy (AFM; NTEGRA Probe NanoLaboratory, NT-MDT). There were four measurements for each group with two implants selected and measured at two areas. The measuring area was 50!50 mm for each group.
Animals and surgical protocol
A total of 10 mature New Zealand white male rabbits were used in this study, which was approved by the local animal ethics committee at the Karolinska Institute, Sweden. The mean weight was 4.4 kg (G0.5) before operation and 4.8 kg (G0.4) at sacrifice, after a 10-week follow-up period. For detailed descriptions of the surgical protocol, see the electronic supplementary material.
Bone bed preparation and stress-free stabilization of the TBS implant device
The stress-free stabilization of the device onto bone is necessary for successful bone integration of the disc implant; therefore, it was of practical importance to prepare the bone bed precisely to the dimension of the housing frame. The flat-bottomed bone bed, prepared using custom-made three-flute end mills ( figure 2a,b) , played a key role in stabilizing the TBS implant devices by press-fitting with the cylindrical lip of the housing (figure 2c). The 2 mm diameter bone hole (figure 2b) was important for the following aspects: keeping a rotation axis in the centre during consecutive milling; facilitating blood supply to the functional surface, where otherwise only minor cortical bone bleeding occurred (figure 2c); and serving as a marker for evaluating the bone-healing ability of the IS. To securely stabilize the device onto bone, we adapted the device, when necessary, in accordance to the animal's individual variances of the tibia contour by adjusting the necks of the housing arms and allowing for a 0.7 mm tolerance between the diameter of the retention screw and screw hole. The bevel seat of the housing enabled the disc IS to be placed in parallel to the flat-bottomed bone (figure 2d ), which facilitated the cross-head of the pull-off tester to move perpendicularly to the bone-implant interface. We finally secured stress-free stabilization of the TBS implant device to the bone bed by stepwise fastening of the retention screws ( figure 2e-g ). An X-ray image confirmed that the TBS implant was installed in the desired place of the bone (figure 2h).
Measurement of bonding force
The entire tibia was amputated and immediately fixed in the sample mount of the custom-made pull-off test system (see figure 2 in the electronic supplementary material). The overgrown soft tissue was removed by simply unscrewing the cover screw. The disc implant was then ready to be measured (figure 3a-c). To optimize alignment for the test, we first connected the hollow cylinder sample holder (female) to the crosshead of the load cell with a 100 mm long wire (0.5 mm in diameter) and allowed it to hang freely (figure 3d ). To avoid lateral loading or bending moments occurring during measurement, we obtained accurate vertical and horizontal alignment between the disc implant and the load cell by using a level tube (figure 3d ) and a three-dimensionally adjustable sample mount at the micrometre scale (see figure 2b in the electronic supplementary material). The sample holder was pinconnected with the cylindrical transducer (male) of the disc implant (figure 3e; see figure 2c in the electronic supplementary material). The force required to break the interfacial bond was applied by moving the crosshead perpendicularly to the ISs using a constant load rate of 10 mm min K1 (figure 3f,g). The tester was calibrated with a 10 N load cell. The maximum force obtained was used to determine the interfacial bonding strength.
Statistical analysis
The bond strengths were compared using the Wilcoxon signed-rank test. The statistics program used was an SPSS v. 16. Data are presented as the meansGs.d. From the two-tailed significance level (asymptotic twotailed test), differences were considered statistically highly significant at p%0.01, statistically significant at p%0.05 and not significant at pR0.05. The disc implant was aligned to the central axis of the load cell using the level tube and then coupled to the load cell by means of a pin and pinhole connection. Note (g) no leakage of newly formed bone into the bevel connection between the disc implant and the housing and (h) the newly formed bone underneath the disc IS, showing the replica shape of the cylindrical lip and the offset.
RESULTS
Ex vivo evaluation of the TBS implant device
We first evaluated whether the TBS implant devices could be assembled in high-precision quality for measuring TBS (for detailed drawings of the TBS device, see figure 1 in the electronic supplementary material). SEM cross-section observations of the TBS implant assembly embedded in resin (figure 4a) demonstrated that the disc implant was press-fitted into the bevel seat of the housing by screwing down the cover screw, and that thereby is capable of preventing tissue growth in the chamber. Most importantly, the titaniumto-titanium bevel connection between the disc implant and its housing obtained a good-quality leak-tight fit, with a gap of less than 1 mm (figure 4b-d ). This may prevent bone leakage/ingrowth around the vertical wall of the disc implant, virtually eliminating interfacial friction and shear forces from the measured values. The gap between the vertical walls of the disc implant and the housing chamber (figure 4b) served as a friction-free pathway for the disc implant during pull-off measurements. A cylindrical lip with an approximately 400 mm outer height (figure 4b) was fabricated at the bottom part of the housing to enhance stability of the TBS device in the bone fit. To avoid bone resorption occurring underneath the disc implant due to possible stress transmission associated with installation of the devices, we designed the disc implant to be located at the offset position on the bevel seat of the housing. SEM cross-section evaluation (figure 4b,c) confirmed that the disc IS was approximately 120 mm away (70 mm high inner cylindrical lip C50 mm offset) from the baseline of the housing. This design performance also ensured that the flat surface of the disc implant did not directly come into contact with the old cortex bone bed, but rather with the newly formed bone.
Control of the surface properties
To distinguish the contributions of mechanical interlocking and biochemical bonding from the measured strength values, we controlled the surface properties of the involved implants. SEM micrographs showed nearly identical surface texture between the control and test implants ( figure 5a,b) . AFM measurements at 50!50 mm showed only minor differences in the surface roughness values, with slightly higher values of the control surface for all the parameters measured. Interfacial biochemical bond strength Y.-T. Sul et al. 85 concentration was approximately 5 at%. Control of the surface properties of the implants is summarized in table 1.
Validity of the TBS implant device and controlled surface properties for quantification of biochemical bonds
Each of the 20 TBS devices (10 of each group) was successfully integrated in bone with no tissue invasion in the chamber after a healing period of 10 weeks (figure 3a-c). The bond strength was measured by a custom-made pull-off test system (figure 3d-f; see figure 2 in the electronic supplementary material). Each individual test implant showed higher bond strength than the control implant paired in the same animal (see table 1 in the electronic supplementary material). The mean values demonstrated a highly significant difference between 0.046 MPa (G0.009) for the control group (nZ10) and 0.086 MPa (G0.02) for the test group (nZ10) ( pZ0.005). Notably, the control and test surfaces showed different abilities to heal the 2 mm bone defect. In the control surfaces, 3 out of 10 hole defects remained unclosed (figure 6a) or showed a network formation of soft tissue and woven bone (figure 6b). By contrast, all the test surface defects were repaired with bone formation (figures 3h and 6c). As was predicted from the ex vivo evaluation, the titanium-to-titanium bevel fit between the disc implant and its housing was tight enough to prevent bone leakage. There was neither bone growth along the vertical wall of the disc implant (figure 3c) nor visible bone ingrowth on the bevel seat of the housing ( figure 3g ). Only the flat functional surface of the disc implant was allowed contact with the newly formed bone, evident from comparing the bone level at surgery (figure 2b) and after measurement (figure 3h). Overall, these data indicate that the friction and shear strengths against the vertical wall of the disc implant during pulloff force measurement were virtually eliminated. To verify that TBS implant devices measured true interfacial bond strengths, we evaluated whether the mode of bond failure was due to true interfacial failure between the implant and bone tissue or cohesive failure in the layer of bone tissue bordering the interface (figure 7). SEM observations showed that bond failure generally occurred between the ISs and tissues consisting of an amorphous layer of woven bone growing upon mature bone ( figure 7a-c) . This amorphous layer in contact with the test IS regularly contained mineralized tissues, as evidently indicated by electron-dense deposits, in the interface very close to the implant. This was not the case in the control IS. In addition, the amorphous layer of the test IS appeared much thinner than that of the control surface. Consequently, the test surface showed shorter contact distance to mature bone than the control surface. These qualitative observations validated the quantitative measurements of interfacial bond strength above. In general, the mechanical interlocking theory suggests that mechanical interlocking of the implant to bone tissues occurs only when tissues grow into pores, holes, cavities and other irregularities and lock mechanically to the IS. The pull-off forces are known to correlate with the surface roughness at nano-and microscales (Beach et al. 2002; Rønold & Ellingsen 2002; Jang et al. 2007) . However, surface analysis of the retrieved implant confirmed that bone growth into surface irregularities was barely detected in both the control and test implants ( figure 7d-g ). Furthermore, differences in mechanical interlocking strength between the control and test implants, if any, were negligible since the surface textures were nearly identical and roughness values were similar. Altogether, these data provide validity for the TBS implant device to measure true interfacial bond strength. Furthermore, the data suggest that, beyond mechanical interlocking, enhancement of interfacial bond strength in the test implants may have resulted from the biochemical bond of magnesium-implanted surface chemistry.
Determination of the relative quantity of biochemical bond strength
To calculate the biochemical bond strength of the test implant relative to the control implant, we used the following equation. It was assumed that interfacial bond strength measured with the BBM method involved biochemical bonding, mechanical interlocking and friction force,
Here, DCB t-c (CB t -CB c ) is the relative quantity of biochemical bond strength of the test to control implant, and BS t and BS c are the bond strength measured by the TBS system for the test and control implants, respectively. MB t and MB c , FF t and FF c are the strengths of the mechanical interlocking and friction forces inherent to the surface roughness for the test and control implants, respectively. Our results imply that both (MB t -MB c ) and (FF t -FF c ) are close to zero. Therefore, we simplified the equation to DCB t-c z(BS t -BS c ), stating that the relative quantity of biochemical bond strength can be approximated by subtraction between the measured bond strengths of the test and control implants. The relative biochemical bond strength of individual animals was plotted (figure 8).
DISCUSSION
To measure true interfacial bond strength, it was imperative to fabricate the implant devices to virtually eliminate friction and shear forces and to ensure stressfree stabilization of the functional disc implant to the bone. Control of the functional disc implant's surface properties is also a key parameter in determining the relative contribution of biochemical bond strength from interfacial bond measurements. The current results are in good agreement with our previous studies which found that the magnesium titanate surface chemistry of implants elicits superior bone integration compared with control implants despite their low roughness values (Sul et al. 2005 (Sul et al. , 2006 (Sul et al. , 2008 . The BBM method demonstrates several advantages over existing approaches. The principal advantage is that TBS implant devices achieve a very high success rate of bone integration, providing a necessary condition for assessing true interfacial bond strength. A 100 per cent success rate of bone integration with the TBS implants is of great significance when compared with only 60-72% integration with previous methods (Edwards et al. 1997; Skripitz & Aspenberg 1998; Rønold & Ellingsen 2002) . This outstanding success rate most probably results from the excellent design performance of the TBS implant device and the stabilization of the functional disc implant onto bone. The leak-tight bevel fittings played an important role in preventing bone ingrowth, virtually eliminating friction and shear strength against the vertical wall of the disc IS. In addition, the fittings blocked the pathway of stress transmission through the disc implant to bone, which prevents the bone resorption underneath the disc implants related to installation of the devices in bone, although a certain amount of bone resorption by surgical trauma is inevitable. Furthermore, by applying the titanium-to-titanium bevel connection, the BBM method rules out a central concern from previous (a) (b) (c) methods that wrapping of the titanium disc (or coin) implants with non-metallic materials such as silicone rubber (Steinemann et al. 1986) , silastic tubing ring (Edwards et al. 1997) and polytetrafluoroethylene cap (Rønold & Ellingsen 2002) may cause galvanic currents due to their volta-potential differences and, consequently, affect bone tissue function and compactness (Izabakarov & Markov 1993; Leng et al. 1999) . The BBM method guarantees no bone resorption underneath the disc implant. By contrast, previous methods used 'elastic flexture' of the bone plate alone or together with a spring over the top of the disc implants to stabilize the disc (coin) implant on bone. This elastic flexture and 'spring action' have a risk of provoking bone resorption to some extent under the disc implant until they will last long. The second advantage is that TBS implant devices are easily assembled at surgery and the disc implant, protected in the housing chamber, is safely and quickly exposed for measurement by simply unscrewing the cover screw. Unlike previous methods, the BBM method needs neither 'gentle' removal of the bone plate/spring nor 'careful' removal of the wrapping materials (Steinemann et al. 1986; Edwards et al. 1997; Rønold & Ellingsen 2002 ) of the disc implants, which implies a risk of fracturing the interfacial bond prior to measurements. The TBS implant secures optimum alignment of the central axis of the disc implant and the cylindrical transducer as they were fabricated in one body by rotation-symmetrical machining, which avoids shear and tilting forces, whereas previous methods attached an additional transducer, by screwing or adhesives, to the top side of the disc implant during measurements (Steinemann et al. 1986; Edwards et al. 1997; Rønold & Ellingsen 2002) .
Last but most importantly, the TBS method takes advantage of precisely controlling surface properties, enabling the relative contribution of biochemical bond strengths to be determined from interfacial bond measurements. In previously used models, different surface engineering methods were used for the control and test surfaces; hence, it is uncertain which surface properties contributed to the measured bond strength (Takatsuka et al. 1995; Edwards et al. 1997; Skripitz & Aspenberg 1998) .
On the interfacial tensile strength of very smooth ISs in bone such as Sa 0.2 mm of the present study, few literature data are available for comparisons. Moreover, the values of tensile strength differed from study to study: 0.01 MPa for the sandpaper-polished titanium surfaces with a roughness of RaZ0.48 mm in rat tibiae after a healing time of four weeks, where the tensile strength never exceeded 0.03 MPa (Skripitz & Aspenberg 1998) ; 0.11 MPa for the grit-blasted titanium surfaces with a roughness of Sa 1.12 mm in rabbit tibiae after eight weeks (Rønold et al. 2003) ; and 1-4.1 MPa for the sand-blasted or sand-blasted and titanium-plasmacoated titanium surfaces with a roughness depth of approximately 20 mm in monkey ulnae after 100 days (Steinemann et al. 1986 ). The variations of the tensile strength in the literature could partly be explained by the fact that not only surface treatments, control of the surface properties and quality of the tensile implant devices in contact (indirect contact, gap model in the present study or direct contact mode in the other studies) with bone as discussed above, but also healing time, animal species and implant site influence the tensile strength of the bone-implant interface.
One idea for better quantification of biochemical bonds in vivo is to investigate the bone integration of 'perfectly' smooth surfaces, while varying the surface chemistry. Following this idea, we have performed a pilot study using the electropolished, very smooth surfaces of approximately 7 nm in Sa (arithmetic average of height deviation), with the same experimental protocols as the current study. Of the 20 TBS devices installed in 10 animals, however, seven disc implants could not be considered for interfacial bond strength because of bone leakage between the bevel connection of the disc implant and the housing. The 13 remaining implants showed similar trends in bond strengths to the present results. The reason for the bone leakage was that electrochemical dissolution of the bevel edge of the disc implants by electropolishing impaired precision of the leak-tight connection. This pilot study is a reminder that, for measurement of true interfacial bond strength, it is of great importance to prevent bone leakage along the vertical wall of the disc implant to ensure the functional flat surface is solely in contact with the bone.
Although it is extremely difficult to validate a biochemical bond in vivo and determine its strength, the new BBM method can help improve the limited understanding of the role of biochemical bonding in implant integration and facilitate further development of bone implants to improve clinical performance.
CONCLUSIONS
We have developed a new and novel in vivo method to validate the presence of an interfacial biochemical bond Interfacial biochemical bond strength Y.-T. Sul et al. 89 at the bone-implant interface and to measure the relative quantity of biochemical bond strength. This method involves a combination of the implant devices to measure true interfacial bond strength and surface property controls of the implants, and thus enables the biochemical bond strength to be distinguished from the measurements. As demonstrated in the test implants, the biochemical bond resulted in superior interfacial behaviour of the implants to bone: (i) close contact to approximately 2 mm thin amorphous interfacial tissue, (ii) pronounced mineralization of the interfacial tissue, (iii) rapid bone healing in contact, and (iv) strong integration to bone. The present study may provide key knowledge not only for a better understanding of the role of a biochemical bond involved in integration of bone implants but also for development of bone implants to improve clinical performance.
